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Protein folding is crucial for proteins to obtain their functional three-dimensional structure. It is 
known that different interactions, such as hydrophobic and electrostatic interactions as well as 
hydrogen bonds have an impact on folding, but their effects on the properties of the unfolded state 
are much less understood. Here, single molecule Förster resonance energy transfer (FRET) 
spectroscopy is used to monitor the dimensions of unfolded proteins and the differences between 
the folded and the unfolded state. This work consists of four topics: the first and second part treat 
the unfolded state collapse in protein folding and address the question which interactions are 
dominant; the third part presents a new approach to obtain dye distances from FRET 
measurements despite rotational restrictions of the dyes, and in the fourth part, the individual 
folding behavior of small immobilized proteins is investigated. 
In the first part of the thesis, the collapse in intrinsically disordered proteins (IDPs) was 
observed dependent on temperature and on the charge content of the amino acid sequence. The 
comparison of the temperature-induced collapse of a two-state folder and an intrinsically 
disordered protein (IDP) revealed that the collapse is not only driven by hydrophobic interactions, 
but that additional forces contribute to the compaction in the denatured state. It is still not clear 
which interactions are the dominant ones. There are some indications that secondary structure is 
formed with increasing temperature that could lead to compaction by hydrogen bond formation. 
In the second part of the thesis, one globular protein and two IDPs with different charge 
content were used to investigate systematically the impact of charges in the amino acid chain on 
the dimensions of the unfolded state and its denaturant-induced collapse. It was shown that the 
collapse is highly dependent on the average charge density and therefore dominated by 
electrostatic forces. A polyampholyte model was applied to the data and was shown to describe 
the attractive and repulsive contributions that account for the final protein dimensions. These 
findings are important steps towards the ultimate goal of quantifying the different contributions 
that influence unfolded state behavior. Additionally, information about the dimensions of IDPs 
and their strong salt dependence at low ionic strength was obtained. Consequences will be 
especially interesting with respect to the cellular function of IDPs. 
In the third part of the thesis, a new approach to obtain distance information from FRET 
measurements with restricted dye rotation is presented. To determine dye distances in constrained 
environments, as in the case of a protein bound to the molecular chaperone GroEL, orientation 
factors of the dye have to be taken into account. By combining single molecule FRET and time-
resolved fluorescence anisotropy decays, distance information can be obtained. In the case of 
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rhodanese, the results implicate that the protein binds to the chaperone as a partially structured 
folding intermediate.  
In the fourth part of the thesis, the folding behavior of single immobilized proteins was 
investigated. For this approach, proteins were encapsulated in lipid vesicles and bound to a 
surface. These immobilization conditions were chosen because it is expected that the proteins can 
still diffuse and fold and unfold undisturbed as they can in free solution, but are confined in the 
observation plane of the single molecule instrument. However, since the recorded trajectories 
show very heterogeneous signal and are probably dominated by photophysics and 
photochemistry, it was not possible to determine the kinetics of single immobilized cold shock 
proteins. Only very few events could be assigned to folding or unfolding after a comprehensive 
analysis was performed to distinguish folding signal from signal that is due to dye properties, such 
as bleaching and darkstates. The methods developed in the course of this project will be important 






Die Faltung von Proteinen ist entscheidend für ihre funktionelle dreidimensionale Struktur. Es ist 
zwar bekannt, dass verschiedene Wechselwirkungen, wie hydrophobe und elektrostatische 
Wechselwirkungen, sowie Wasserstoffbrücken-Bindungen an der Proteinfaltung beteiligt sind, 
allerdings ist ihre Auswirkung auf den entfalteten Zustand noch nicht vollständig verstanden. In 
dieser Arbeit werden mit Hilfe von Einzelmolekülfluoreszenzspektroskopie, insbesondere unter 
Nutzung von Resonanzenergietransfer nach Förster (FRET) die räumliche Ausdehnung des 
entfalteten Zustands sowie die Unterschiede zwischen ge- und entfaltetem Zustand untersucht. 
Die Arbeit besteht aus vier Abschnitten: Im ersten und zweiten Teil wird der Proteinkollaps im 
entfalteten Zustand behandelt und die Fragestellung bearbeitet, welche Wechselwirkungen in 
Proteinen dominieren. Im dritten Teil wird ein neuer Ansatz gezeigt, der es ermöglicht, 
Farbstoffabstände aus FRET-Messungen zu erhalten, auch wenn die freie Rotation der 
Fluoreszenzfarbstoffe eingeschränkt ist. Im vierten Teil der Arbeit wird das Faltungsverhalten 
einzelner immobilisierter Proteine beschrieben. 
 Im ersten Teil der Arbeit wurde der Proteinkollaps von intrinsisch ungeordneten 
Proteinen (englisch intrinsically disordered proteins, IDPs) unter dem Einfluss von Temperatur 
und dem Ladungsgehalt der Aminosäuresequenz beobachtet. Der Vergleich des 
temperaturinduzierten Kollapses im entfalteten Zustand eines Zwei-Zustands-Falters und eines 
IDPs ergab, dass der Kollaps nicht nur durch hydrophobe Wechselwirkungen verursacht wird, 
sondern dass darüber hinaus weitere Kräfte zur Kompaktierung beitragen. Es ist noch nicht 
bekannt, welche Wechselwirkungen dabei dominieren. Es gibt einige Hinweise, dass mit 
steigender Temperatur Sekundärstruktur entsteht, die zu einer Kompaktierung durch die Bildung 
von Wasserstoffbrücken-Bindungen führen könnte.  
Im zweiten Teil der Arbeit wurden ein globuläres Protein und zwei IDPs mit 
unterschiedlichem Ladungsgehalt verwendet, um den Einfluss von Ladungen in der Aminosäure-
Kette auf die räumliche Ausdehnung des entfalteten Zustands und den Denaturans-induzierten 
Kollaps systematisch zu untersuchen. Es konnte gezeigt werden, dass der Kollaps stark von der 
durchschnittlichen Ladungsdichte abhängig ist und deshalb von elektrostatischen 
Wechselwirkungen dominiert wird. Ausserdem wurde gezeigt, dass ein Polyampholyt-Modell, 
das auf die Daten angewendet wurde, die anziehenden und abstossenden Kräfte beschreiben kann, 
die für die endgültigen Proteindimensionen verantwortlich sind. Diese Erkenntnisse sind ein 
wichtiger Schritt zum Ziel, die verschiedenen Wechselwirkungen, die das Verhalten des 
entfalteten Zustands beeinflussen, zu quantifizieren. Darüber hinaus wurden Kenntnisse über die 
Dimensionen von IDPs und deren starke Salzabhängigkeit bei niedrigen Ionenstärken gewonnen. 
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Die Tragweite dieser Erkenntnisse ist insbesondere im Hinblick auf die Funktion der IDPs 
interessant.  
Im dritten Teil der Arbeit wird eine neue Methode vorgestellt, die es ermöglicht, trotz 
eingeschränkter Farbstoffrotation Abstandsinformationen zu gewinnen. Um Farbstoffabstände in 
räumlich eingeschränkten Umgebungen messen zu können, wie im Fall von Protein, das an das 
Molekulare Chaperon GroEL gebunden ist, muss die eingeschränkte Rotationsfreiheit der 
Farbstoffe berücksichtigt werden. Durch die Verwendung von Einzelmolekül-FRET und 
zeitaufgelösten Fluoreszenz-Anisotropie-Zerfällen konnten Abstandsinformationen ermittelt 
werden. Bei dem Protein Rhodanese implizieren die Ergebnisse, dass das Protein als teilweise 
strukturiertes Faltungsintermediat an das Chaperon bindet. 
 Im vierten Teil der Arbeit wurde das Faltungsverhalten von einzelnen immobilisierten 
Proteinen untersucht. Hierfür wurden Proteine in Lipidvesikel eingeschlossen und auf eine 
Oberfläche gebunden. Es wurden Immobilisierungsbedingungen gewählt, bei denen man davon 
ausgeht, dass die Proteine zwar unbeeinträchtigt wie in freier Lösung diffundieren, falten und 
entfalten können, die Aufenthaltsmöglichkeiten aber beschränkt sind auf die Beobachtungsebene 
des Einzelmolekül-Instruments. Allerdings war es nicht möglich, die kinetischen Eigenschaften 
von einzelnen immobilisierten Kälteschockproteinen zu bestimmen, weil die gemessenen 
Fluoreszenztrajektorien ein sehr heterogenes Signal zeigten, das wahrscheinlich von Photophysik 
und Photochemie dominiert wird. Nur einige wenige Ereignisse konnten der Faltung oder 
Entfaltung zugeordnet werden, nachdem eine umfassende Analyse durchgeführt wurde, mit der 
Faltungssignale von anderen Signalen unterschieden werden konnten, die abhängig von 
Farbstoffeigenschaften wie Bleichen und der Bildung von Dunkelzuständen sind. Die im 
Zusammenhang mit dem Projekt entwickelten Methoden werden für weiterführende Projekte mit 
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Proteins are involved in very different processes in living organisms such as in metabolism or 
regulatory processes in transcription and translation. Structural proteins constitute the 
cytoskeleton or support the stability of organisms in the extracellular space. To be functional, 
most proteins have to adopt a specifically folded structure. For these diverse functions, proteins of 
various structures are needed. The native state of the protein is a unique conformation that is 
stable only under a limited range of conditions, which are typically close to physiological. If the 
conditions are changed to non-physiological, by the addition of a chemical denaturant, such as 
guanidinium chloride (GdmCl) or urea, by heating, or by moving to extreme pH values in the 
solution, the protein is denatured. In contrast to the native state, the denatured state is an ensemble 
of many conformations.  
For many proteins, the unfolding process is reversible, and they fold back spontaneously 
to their native structure if the surrounding solution is adjusted to physiological conditions (1). 
Since this refolding is possible, the information to adopt the native structure must be included in 
the amino acid sequence. The different amino acids have different hydrophobicity, polarity, and 
charge, and are therefore responsible for different interactions within the protein chain. These 
interactions are, according to the features of the amino acids, hydrophobic and electrostatic 
interactions, as well as hydrogen bonds that are formed between polar residues, and they drive the 
folding process towards the native structure. However, the general problem of protein folding, and 
the question which interactions are dominating the folding process, are still not solved. 
From the unfolded to the native state 
Different proteins fold according to different mechanisms, but in general, the folding and 
unfolding pathways between the different states can be considered as diffusive paths on an energy 
landscape. The native state is located at a coordinate where the free energy is lowest (2). Because 
the unfolded state is an ensemble of unfolded conformations, it can be located at different 
coordinates on the energy landscape. Therefore, multiple pathways to the native state exist for 
each protein. Depending on the mechanism, proteins can either fold directly or via intermediates, 
which are local energy minima in the folding landscape. Several multi-domain proteins are even 
dependent on the aid of chaperones in a cellular environment, as will be described below. 
In the simplest case, proteins fold according to the two-state model, as many small single 
domain proteins do. In this model, only two thermodynamic states are occupied: the native and 
the denatured state, but no intermediates. The states are separated by a free energy barrier, which 
has to be overcome each time a protein folds or unfolds. The proteins remain in either the 
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unfolded or the folded state for extended periods of time, with intermittent rapid jumps across the 
barrier.  
Interestingly, many proteins have been shown to exhibit a compaction of the unfolded 
state at equilibrium conditions when the denaturant concentration is reduced  (3-8) This collapse 
is expected to reflect the sum of different interactions that drive a protein to a compact state, 
which can support the transition to the folded state (9). However, it still has to be clarified which 
interactions are involved, and to which extent they contribute to the collapse. The second focus of 
the thesis was to find out whether the collapse is a general behavior for all proteins. Therefore, 
intrinsically disordered proteins (IDPs) were chosen for an investigation of their collapse 
behavior. With their high fraction of charged amino acids and low content of hydrophobic amino 
acids, the relative contributions of hydrophobic and electrostatic interactions should differ. For 
these projects, prothymosin α (ProTα) and the N-terminal domain of HIV-1 integrase (IN), two 
proteins with very different properties concerning mean charge and hydrophobicity, were chosen. 
The aim was to quantify the degree of collapse and investigate how much it depends on the mean 
charge and hydrophobicity of the protein (Chapter 1 and 2). 
In contrast to small single domain proteins, many other proteins are not able to fold 
directly to the native conformation. These consist typically of more than one domain and then fold 
via intermediates. These proteins can show complex kinetics dependent on how many domains 
they have and whether they differ in kinetic stability. Many larger multi domain proteins fold via 
several intermediates, which slow down the folding and are therefore prone to aggregation. Thus, 
they are often dependent on the assistance of molecular chaperones, especially at the high protein 
concentrations in the cell. A well-studied example is the bacterial GroEL/GroES system of the 
Hsp60 class. This heptameric complex assists its substrate proteins during folding by binding non-
native proteins in its cavity, allowing the proteins to fold, and releasing them. Complete folding 
can require several cycles of binding and release. Until now, not much has been known about 
substrate protein conformations in the chaperone during folding. Bovine rhodanese is a substrate 
of GroEL/GroES, and its interaction with the chaperone was investigated with single molecule 
FRET (Chapter 3). 
One further objective of this thesis was to observe the frequencies of folding and 
unfolding transitions of single immobilized molecules (Chapter 4). For the cold shock proteins 
(Csps) of Thermotoga maritima and Bacillus caldolyticus used in this work, it has been shown in 
ensemble (10-11) and in single molecule experiments (8) that they fold and unfold in a two-state 
manner. From ensemble measurements, it is known that the proteins cross this barrier with equal 
folding and unfolding rate at the transition midpoint. By monitoring the frequency of transitions, 
the goal was to investigate whether the stochastic folding of a single molecule follows the folding 
dynamics known from ensemble measurements, or whether there is a broader distribution of 
Introduction  3 
 
 
folding rates. A larger distribution would be the result of many different individual dynamic 
behaviors. 
Different interactions contribute to collapse 
There are different interactions that are assumed to drive folding to the native structure: 
Formation of hydrogen bonds, hydrophobic interactions, and electrostatic interactions are 
assumed to contribute. Although there have been many attempts during the last 60 years to 
approach this problem, it is still not solved. 
Initially, Pauling and coworkers suggested in 1951 that the driving force in protein 
folding would be hydrogen bonding (12). Schellman confirmed this hypothesis in 1955 by finding 
that the intra-peptide hydrogen bonds are favored over hydrogen bonds with water (13). Later, 
hydrogen bonds were no longer believed to contribute strongly to folding, until from 1991 on, 
opposing results and interpretations revived the discussion. Hydrogen bonds were suggested again 
to stabilize proteins (14-17), whereas in other works it was argued that hydrogen bonds are 
destabilizing (18-19) or partially stabilizing and destabilizing (20). This was also found in recent 
work by Kiefhaber and coworkers (21): in experiments on model peptides, a decrease in chain 
dimension in water, compared to that in GdmCl, was attributed to the formation of hydrogen 
bonds. End-to-end diffusion constants under native conditions were slowed down, but loop 
formation was accelerated due to shorter diffusion paths. Therefore, it was concluded that 
hydrogen bonds on the one hand favor protein structures that are more compact and on the other 
hand decrease the diffusion time due to non-specific bonds.  
The hydrophobic effect was first suggested to be responsible for folding by Kauzmann in 
1959 (22). His opinion was supported by studies of different model systems (23-24) and has been 
accepted for many years. Additionally, in more recent work of Muñoz and coworkers, the 
collapse was assigned to hydrophobic interactions (25). 
Another potential factor with influence on the compaction of the unfolded state are 
electrostatic interactions that depend on the number of charges in the protein. Uversky et al. (26) 
found that IDPs can be distinguished from globular proteins by their differences in charge and 
hydrophobicity in the amino acid sequence, suggesting that in globular proteins, attractive forces 
(the hydrophobic effect and opposite charges) are stronger than repulsive forces (like electrostatic 
charges), whereas in IDPs hydrophobic interactions are not strong enough to compensate 
repulsion from charges. A first model to calculate electrostatic forces in the unfolded protein, 
assuming a Gaussian chain, was developed by Zhou (27). Also in another work, electrostatic 
interactions were shown to counteract the compaction of the unfolded state in a small protein (28). 
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Despite many approaches assessing the collapse, it is still a subject of speculation to what 
extent these three major interactions are contributing. For a more detailed summary of the historic 
events, see works by Bolen, Dill, and Rose (17, 19, 29). 
Intrinsically disordered proteins 
IDPs, also called “natively unstructured” or “natively unfolded” proteins, are unfolded under 
near-physiological conditions in vitro. The absence of structure is assumed to be due to their high 
net charge and polarity that prevents the formation of a hydrophobic core typical of globular 
proteins (26). The difference in amino acid composition was shown by plotting the mean net 
charge against the mean hydrophobicity (26), which was calculated according to values from Kyte 
and Doolittle (30). There are two areas in the plot separated by a border dividing globular proteins 
from IDPs. Many of the IDPs can fold spontaneously upon binding to their ligands. One potential 
advantage of the intrinsic lack of structure and this function-related disorder-to-order transitions is 
the coupling of high specificity with low affinity (31-34). In this case, the energy needed to 
organize the disordered region is compensated by the free energy arising from forming contacts 
with binding partners. Due to the flexibility of the protein, specific binding to multiple ligands is 
enabled (32, 35-36).  
 The flexible, unstructured proteins or domains can also have linker function and connect 
globular or transmembrane domains in many eukaryotic proteins. Such long linker regions 
facilitate for instance the assembly of transcriptional complexes, for which the interaction with 
several regulatory factors is necessary (37). These properties may be highly useful in transcription 
and signaling regulation, as well as in cell cycle control (38). Generally, unstructured proteins are 
prone to degradation, but the coupled binding and folding can protect proteins from proteolysis. It 
is assumed that regions with exposed hydrophobic amino acids are targeted by degradation 
mechanisms of the cell (39), but linker sequences require long-term stability that can be ensured 
by their low content of hydrophobic residues (37). 
Exploring the denatured state with single molecule FRET 
spectroscopy 
Ensemble experiments have been used extensively for many years to observe protein folding, and 
many proteins were analyzed thermodynamically. For most methods, the signal obtained is an 
average of the folded and the unfolded state or even of intermediates. Only under few conditions 
(e.g. native or completely denaturing), one population is dominating the average signal, and 
information about a specific state can be obtained. By overcoming these limitations, single 
molecule experiments can be used to probe the denatured state even in the presence of the native 
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state. These experiments reveal the distribution of the denatured conformations and will help to 
gain insight into protein folding. 
One method frequently used in single molecule experiments is Förster resonance energy 
transfer (FRET). This method allows the direct observation of the folding of single proteins and 
the differentiation between populations that is not possible with ensemble methods. For single 
molecule FRET, two fluorescent dyes - acceptor and donor - are covalently attached to the 
protein, the donor is excited, and the fluorescence light is collected, split into donor and acceptor 
photons, and detected separately. After the signal is corrected for quantum yields of the dyes, 
spectral cross-talk, and direct excitation of the acceptor, the energy transfer efficiency can be 
calculated for every molecule. The transfer efficiency  from the donor to the acceptor is 
proportional to the inverse sixth power of the distance between the dyes. From the mean energy 
transfer efficiency, 〈〉, of the transfer efficiency peak of the unfolded state, the corresponding 
distance distribution between the dyes can be calculated, given the Förster radius of the dye pair 
and a suitable distance distribution function. The shape of the distance probability distribution can 
be accessed directly only by fluorescence lifetime measurements. Fluorescence lifetime decays of 
unfolded CspTm, for example, are fit well with the distance probability distributions of a Gaussian 
chain (40). The agreement between distance results obtained from lifetime decays and 
fluorescence intensity experiments additionally supports a Gaussian chain-like behavior in this 
case. 
By applying this method, the equilibrium collapse of the denatured state of CspTm was 
investigated, which had been inaccessible with ensemble measurements. The collapse could be 
observed in single molecule experiments even under near native conditions (3, 40). Whereas the 
denatured state of the proteins investigated does not exist under fully native conditions, it exists 
for destabilized proteins and for IDPs and could be characterized (41-42) (Chapter 2). 
Additionally, partial structure formation upon binding of zinc by the IDPs could be excluded by 
using single molecule experiments. Furthermore, the experiments allowed us to investigate 
whether there are additional populations or just one population with different energy transfer 
efficiency at different denaturant or salt concentrations. 
Observing the folding and unfolding of immobilized molecules 
via FRET 
In two-state folding, protein molecules remain in either the unfolded or the folded state for 
extended periods of time, with intermittent rapid jumps across the free energy barrier. Measuring 
fluorescence trajectories of single proteins during folding potentially provides the opportunity to 
observe folding dynamics in the time range of seconds and may complement methods such as 
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molecular dynamic simulations that give access to shorter time ranges in the order of nano- and 
microseconds.  
The prerequisite for observing the folding behavior of single molecules over a longer time 
is to hold them in place during the observation time. Different techniques to immobilize 
molecules on the surfaces have been used. Proteins (43-45) and rybozymes (46) have been 
encapsulated in lipid vesicles tethered to a supported lipid bilayer on glass. In a different 
immobilization technique used by Kuzmenkina et al. (47), proteins were directly tethered to a 
PEG-biotinylated surface. For this work, star-shaped, strongly cross-linked PEG was used, which 
was developed specifically to minimize non-specific adsorption. In a recent work, Chung et al. 
(48) used brush-like PEG-coated glass cover slides and biotin-avidin linkage to immobilize 
proteins. 
Immobilized FRET-labeled molecules can either be observed one by one by confocal 
microscopy, or by total internal reflection fluorescence (TIRF), where the signal of many 
molecules can be recorded at a time. Both methods result in fluorescence trajectories that should 
reflect dye to dye distances within the protein. In two-state folding, only two observable transfer 
efficiencies are expected: one for the folded and one for the unfolded state. But there are also 
reports of folding trajectories of individual proteins observed with FRET or atomic force 
microscopy (AFM) (43, 49) with an unexpected degree of complexity rather than simple bi-stable 
behavior. This is in contrast to the simplicity of the kinetic model of two-state folding and raises 
the question whether the simple kinetic properties derived from classical experiments on large 
ensembles of molecules are always reflected in the folding paths taken by individual proteins (43, 
49-50).  
Immobilization experiments are still accompanied by some difficulties that have to be 
solved. Some of the observed complexity could be caused by factors such as unspecific binding of 
the sample or the dyes to the surface, which is strongly dependent on the chosen immobilization 
system, by the choice of dyes, which are at risk of undergoing transitions to dark states, 
interaction between biomolecule and dyes, and subjectivity involved in trajectory selection, or the 
criteria for the automated trajectory analysis. A general problem in immobilization experiments is 
that the sample is illuminated for long times, which leads to bleaching of the fluorescent dyes. For 
diffusion experiments, most of these factors are not limiting because the samples are exposed to 
the laser for shorter times and the molecules are not influenced by surface interactions. If the 
fluorophores are bleached, they either are not visible because the acceptor cannot be excited if the 
donor is damaged, or the event is visible as a separate donor-only population if an active acceptor 
is missing.  
Another limitation in single molecule FRET experiments are the Förster radii of the dye 
pairs suitable for single molecule detection in the range of 5 nm, which are thus most suitable to 
measure distances in the range of 3 to 8 nm. To extend the distance range, approaches using 
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multiple dyes have been developed and applied (51-53). Even unidirectional five-dye FRET was 
done with immobilized “photonic wires” made from DNA, and FRET could be detected of over a 
distance of more than 13 nm (54). With multiple-dye FRET, it is possible to probe several 
distances in a molecule at a time (or within multiple component complexes). Applied to proteins, 
this would mean that distance information gained from three different protein variants can then be 
obtained by one variant with three labels. This might be of special interest for subdomain folding 
and has the advantage that different intra-chain distances can be observed simultaneously and can 
be correlated with each other.  
There are many approaches to address the challenges described in the case of 
immobilized molecules. Because one major challenge in the immobilization experiments is the 
limited photo-stability of the dyes during long illumination, several methods have been developed 
to overcome this issue. For example, time-lapse excitation has been used (47), which is, however, 
only suitable for proteins with low folding and unfolding rates because the time resolution is 
decreased and folding information of proteins with fast rates would be lost. Other possibilities are 
the use of protecting additives that prevent dyes from bleaching (55-57). Bleaching of the dyes is 
especially disadvantageous if the protein folds with a low folding rate and only few or no 
transitions can be observed until the dyes bleach. The work presented here indicates that some of 
the complications in single molecule folding experiments on immobilized proteins are still very 
difficult to overcome and can interfere strongly with the identification of conformational 
transitions.
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4. FRET–trajectories of single immobilized Csps 
Methods 
Sample preparation 
Expression and purification of CspBc 
The plasmid pet11a, containing the coding sequence for CspBc, was obtained from Christine 
Magg and Franz Xaver Schmid (University of Bayreuth). Q2 and L66 were replaced by cysteine 
residues. The protein sequence is:  
MCRGKVKWFNNEKGYGFIEVEGGSDVFVHFTAIQGEGFKTLEEGQEVSFEIVQGNRGPQ
AANVVKC. The protein was expressed in E. coli BL21 (DE3) cells. Freshly transformed cells 
from a carbenicillin LB-plate were used to inoculate a 120 mL LB-preculture that was grown at 
37 °C to an OD of 0.4. Six prewarmed 400 mL LB-cultures were inoculated with 20 mL of the 
precultures and were grown and shaken at 37 °C and 170 rpm. Expression was induced at an 
OD600 nm of 0.8 with 1 mM IPTG, grown for two more hours and harvested. Cells were dissolved 
in 40 mM Tris, 2 mM EDTA, pH 7.0, and lysed by French press. Cell debris was removed by 
centrifugation for 45 minutes at 38000 g. To digest DNA and RNA, 5 µL (25 U/µL) benzonase 
(Novagen) were added per 25 mL supernatant and incubated for 30 minutes in the presence of 
10 mM MgCl2. After adjustment of the pH with sodium hydroxide to 6.2 to 7.0, bacterial protein 
was heat precipitated by heating the sample for 40 minutes to 65 °C. Precipitate was separated 
from supernatant by centrifugation at 38000 g for 30 minutes. The supernatant was adjusted to 
2 mM EDTA and 5 mM mercaptoethanol and dialyzed over night against 50 mM sodium 
carbonate, 2 mM EDTA, 5 mM mercaptoethanol, pH 7.0. (Buffer was prepared with a pH of 7.0 
but had a pH of 6.2 after sterile filtration due to removal of oxygen.) Anion exchange 
chromatography in the same buffer was used to remove remaining bacterial protein by loading the 
protein with a superloop on an equilibrated HiPrep 16/10 QFF column (GE Healthcare) and 
washing it with buffer. CspBc eluted during the washing step, whereas the bacterial protein bound 
to the column and was eluted with a gradient from 0 to 0.6 M sodium chloride. The eluate was 
checked by SDS-PAGE and fractions containing CspBc were pooled.  
DNA and remaining protein were removed from CspBc by applying hydrophobic 
interaction chromatography. Pooled fractions were adjusted to the starting conditions of the 
chromatography by diluting them 1:2 in a doubly concentrated buffer and loaded on a butyl 
sepharose 4FF column (GE Healthcare) equilibrated with 38 % saturated ammonium sulfate, 
50 mM sodium citrate, 5 mM EDTA, 5 mM mercaptoethanol, pH 6.2. The column was washed 
and CspBc was eluted with 50 mM sodium citrate, 5 mM EDTA, 5 mM mercaptoethanol, pH 6.2. 
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It was confirmed by UV absorption that DNA was removed. The sample was concentrated using 
an Amicon stirred ultra filtration cell (Millipore) with a membrane of a molecular weight cut off 
of 3500 Da. Gel filtration was done with a HiLoad 26/60 Superdex75 pg column (GE healthcare) 
in 50 mM sodium phosphate, 10 mM DTT, pH 7.0. CspBc-containing samples were combined 
and concentrated to 2 mg/mL or higher. The concentration was determined be UV absorption, 
TCEP adjusted to neutral pH was added to a concentration of 2 mM, and aliquots of 2 mg were 
stored at -20 °C. 
Labeling of CspBc 
An aliquot of 2 mg CspBc was adjusted to 4 M GdmCl, 2 mM TCEP, incubated for one hour, and 
desalted with a HiTrap Desalting column (GE healthcare) in 50 mM sodium phosphate, pH 7.0. 
The samples were collected under argon atmosphere and the protein concentration of each 
fraction determined spectroscopically (A280 nm (0.1 %) = 0.97). Fractions with a concentration of 
1 mg/mL or higher were combined. The fluorophores Alexa Fluor 488 and 594 maleimide 
(Invitrogen) were freshly dissolved in DMSO (10 µg dye in 1 µL DMSO) and sonicated for 10 
minutes. The donor (Alexa Fluor 488) was added in a 1:1 molar ratio to the protein and incubated 
at 4 °C over night. The singly labeled protein was separated from unlabeled and doubly labeled 
protein by chromatofocusing with a Mono P column (GE healthcare) using 25 mM BisTris buffer, 
pH 6.3, as start buffer and Polybuffer 74 as eluent. The column was equilibrated according to the 
manufacturer’s instruction. The reacted protein was diluted 1:8 in start buffer and loaded on the 
column. The fractions containing singly labeled proteins, as confirmed by matrix-assisted laser 
desorption/ionization mass spectroscopy, were concentrated and adjusted to 50 mM sodium 
phosphate, pH 7.0. The singly labeled protein was reacted with the acceptor dye Alexa Fluor 594 
in a 1.5-fold molar excess at 4 °C over night. Doubly labeled protein was separated from singly 
labeled protein and free dye by anion exchange chromatography with a Mono Q column (GE 
healthcare) using 10 mM sodium phosphate, 0.01 % Tween20, pH 5.0, as a start buffer and the 
same buffer with 1 M sodium chloride as eluent. A gradient was used from 0 to 60 % eluent, and 
the doubly labeled protein eluted at 40 %. The mass was again confirmed by mass spectroscopy. 
Labeled CspTm and proline peptides were obtained from Ben Schuler and were prepared as 
described previously (3). 
Vesicle preparation 
In order to observe the folding and unfolding of individual CspBc molecules proteins were 
encapsulated in lipid vesicles. The vesicle preparation was done at the GdmCl concentration final 
needed, ensuring the same GdmCl concentration inside and outside the vesicles. Proteins were 
used at a concentration that yielded a suitable fraction of vesicles including one and a negligible 
fraction of vesicles with two or more protein molecules. Most of the vesicles were empty. The 
FRET-trajectories of single immobilized Csps  57 
 
 
distribution of the empty, singly and multiply filled vesicles was calculated with a Poisson 
distribution, assuming a vesicle size of 100 nm.  
Empty vesicles were prepared by extrusion of biotinylated lipids (egg-
phosphatidylcholine and biotinylated phosphoethanolamine in a ratio of 500:1; Avanti lipids) in 
50 mM sodium phosphate buffer at the appropriate GdmCl (Pierce) concentration and 0,0005 % 
Tween 20 (Pierce), pH 7.0, through a polycarbonate membrane with a pore size of 100 nm 
(Avestin, Mannheim, Germany) using a LiposoFast-basic extruder (Avestin, Mannheim, 
Germany). Protein-containing vesicles were prepared by extrusion of a mixture of 0.9 µM labeled 
protein, 5.5 mg/mL lipids, 0.001 % Tween 20 (Pierce), and 50 mM sodium phosphate, pH 7.0, 
with the appropriate GdmCl concentration.  
Ensemble experiments 
Protein stability 
For the unfolding transition of the unlabeled protein, stock solutions of CspBc with a 
concentration of 1 mg/mL were diluted into different GdmCl concentrations and 50 mM sodium 
phosphate, pH 7.0, to a final protein concentration of 10 µg/mL and incubated for 30 minutes at 
room temperature. Tryptophan fluorescence was measured with a Fluorolog 4. Emission Spectra 
were recorded from 290 to 450 nm, exciting the sample at 280 nm, using slit width corresponding 
to 5 nm for excitation and emission, an integration time of 0.5 s, and a wavelength increment of 
2 nm. All spectra were corrected for the emission profile of the xenon lamp and the detection 
efficiency of the photomultiplier at different wavelengths. Spectra were corrected for the 
background from impurities of GdmCl used by assuming a linear dependency of the background 
on GdmCl concentration. A difference spectrum of the native sample and the sample measured at 
the highest GdmCl concentration was calculated. For the transitions, the signal at the wavelength 
with the maximum amplitude (356 nm) in the difference spectrum was used. Data were analyzed 
with a two-state model according to Santoro and Bolen (58). 
Analogous to the tryptophan transition, a FRET transition of doubly labeled CspBc was 
measured. The protein stock solution with a concentration of 10 µg/mL was diluted to a final 
concentration of 0.1 µg/mL. Emission spectra were recorded, exciting at 490 nm, from 510 to 
800 nm with excitation and emission slit widths corresponding to 5 nm, an integration time of 
0.5 s, and a wavelength increment of 2 nm. The wavelengths with the maximum total amplitudes 
of the difference spectra were 522 nm and 612 nm for donor and acceptor, respectively.  
To calculate FRET, the amplitudes were converted to the integrals below the donor and 
acceptor peaks with correction factors 48.24 (donor) and 78.25 (acceptor) that were determined 
from free dye spectra. Transition data were further analyzed as described for the tryptophan data. 




Kinetic measurements were done with a π*-180 stopped-flow spectrometer (Applied 
Photophysics). Labeled protein with a concentration of 1 µM in either 0 or 5 M GdmCl, 0.01 % 
Tween 20 and 50 mM sodium phosphate, pH 7.0, was diluted 11-fold with different 
concentrations of GdmCl, 50 mM sodium phosphate, pH 7.0. The sample was excited at 435 nm 
with a slit width of 4 nm, and fluorescence emission was recorded at wavelengths above 495 nm. 
Due to the weak detection efficiency of the photomultiplier tube at wavelengths larger than 
600 nm, in the long wavelength range, mainly donor photons were recorded. The resulting 
transients were fit with single exponential decays. Folding rates obtained were plotted 
logarithmically against the GdmCl concentration (chevron plot) and fit with the equation 
ln  = ln 	 ∙  +  ∙  , 
where  is the observed relaxation rate dependent on the denaturant concentration, 	 is the 
folding rate, and  is the unfolding rate under native conditions and therefore the intercept with 
the y-axis. 	 and  describe the sensitivities of the folding and unfolding rates, respectively, 
on the denaturant concentration . With this equation, the transition midpoint and the folding 
and unfolding rates at the transition midpoint were determined (59). 
Single molecule experiments 
Single molecule free diffusion experiments 
Observations of single molecule fluorescence were made using a MicroTime 200 confocal 
microscope (PicoQuant) equipped with a continuous-wave 488-nm diode laser (Sapphire 488–100 
CDRH; Coherent) and an Olympus UplanApo 60/1.20W objective. Sample fluorescence was 
separated into donor and acceptor components using a dichroic mirror (585DCXR; Chroma 
Technology) and two final filters (ET525/50M and HQ650/100; Chroma Technology). See Fig. 1 
for an overview. Each component was focused onto an avalanche photodiode (SPCM-AQR-15; 
PerkinElmer Optoelectronics), and the arrival time of every detected photon was recorded. 
Samples of labeled protein were diluted to a concentration of 20 pM in 50 mM sodium phosphate 
buffer at the appropriate GdmCl (Pierce) concentration, individually adjusted to pH 7.0. Tween 20 
(0.001 %; Pierce) was added to prevent surface adhesion of the protein. The measurements were 
performed at a laser power of 100 µW. Successive photons detected in either channel separated 
by less than 100 µs were combined into one burst. Identified bursts were corrected for 
background, differences in quantum yields of the donor and acceptor, different collection 
efficiencies in the detection channels, cross-talk, and direct acceptor excitation, as described by 
Schuler (60). A burst was retained as a significant event if the total number of counts 
exceeded 50. 






Preparation of the flow cell 
The quartz flow cell with a volume of 50 µL was rinsed with 1 mL buffer. A lipid bilayer was 
applied to the quartz flow cell by fusion of the vesicles upon rinsing with 50 µL of the plain 
(biotinylated) vesicle solution, incubated for 5 minutes, and rinsed with buffer. The Csp-vesicles 
were coupled to this surface by avidin-biotin linkage. For this purpose, 50 µL of a 1 mg/mL 
solution of avidin was applied, incubated for 5 minutes, and rinsed. Protein-loaded vesicles were 
applied after a 1:100 dilution, incubated for 5 minutes, and rinsed with buffer. The same GdmCl 
concentration was used in all solutions. The fluorescence background was recorded after each step 
after rinsing the sample. The flow cell in the sample holder is shown in Fig. 2. 
  
Fig. 1. Schematic representation of the instrumentation for 
confocal single molecule measurements adapted from Schuler 
(8). White triangles in the light path indicate the propagation 
direction of light. Blue is excitation light, red and green are 
fluorescence light and yellow the overlay of both. The dotted 
box shows an enlargement of objective and sample. See the 
text for details. 




Confocal measurements of immobilized proteins 
The sample was observed by confocal measurements with the same instrumentation as described 
for single molecule free diffusion experiments. The sample was moved with a piezo stage to scan 
an area of 15 µm × 15 µm at 100 µW. Each identified molecule, visible as a bright spot, was then 
accessed individually with the piezo stage and measured at a power of 10 µW until bleaching of 
the dyes. Trajectories were recorded with the software SymphoTime (PicoQuant) and analyzed 
with Mathematica (Wolfram Research). 
Donor-only labeled or vesicle-encapsulated CspBc was immobilized on the surface, and 
polarization trajectories were recorded. A similar instrumentation as for confocal FRET 
measurements was used. Additionally, the excitation light was circularly polarized by using a λ-
quarter wave plate, and instead of a dichroic mirror, a polarizing beam splitter cube was used to 
split the fluorescence light into components horizontally ( ) and vertically (!) polarized with 
respect to the excitation light. The fluorescence polarization (") was calculated from   and ! 
according to 
" = ! − $ ! + $ 
 
with the factor $ correcting for the different sensitivities of the detectors. The polarization was 
calculated for every time frame (100 ms) of each molecule. From the trajectories, only fragments 
with a total intensity corresponding to the intensity of a single dye (60 to 130 photons per 100 ms) 
were used. The polarization of the time frames within these fragments was averaged for each 
trajectory. 
  
Fig. 2. Flow cell and sample holder with TIRF microscopy. (A) Technical drawing of the 
sample holder designed by Dominik Hänni and Daniel Nettels (University of Zurich). 
Top black part is a chromatography connector for tubing, green is a rubber o-ring that 
seals the connection between tubing and glass with hole. The light gray square is the 
cavity for the flow cell. (B) Photo of the sample holder with flow cell, TIRF prism, and 
inlets. 




TIRF measurements of immobilized proteins 
The sample was observed by prism-type TIRF microscopy with an inverted microscope. The 
objective used was an Olympus UplanApo 60x/1.20W. The sample was excited with a 
continuous-wave 488-nm diode laser (Sapphire 488–100 CDRH; Coherent) at the absorption 
maximum of the donor with 35 mW, measured before the prism. The fluorescence image of an 
area of 100 µm x 50 µm was separated by a beam splitter and filters (ET525/50M and 
HQ650/100; Chroma Technology) into a red and a green channel and imaged on the chip of a 
back-illuminated EMCCD-camera with an image of 512 x 512 pixel (Ixon-EMCCD, Andor, 
Belfast, N. Ireland). See Fig. 3 for a schematic overview. Movies with a length of 40 s and a 
frame rate of 10 Hz were recorded in the "fits"-format. Up to 300 molecules could be measured 
per movie. 
Data analysis 
The automated identification of immobilized molecules from the recorded movies was done using 
the software TIRFikon developed by Daniel Nettels (University of Zurich). All 400 images taken 
per movie were averaged per pixel. From this time-averaged image, the background was 
Fig. 3. Schematic representation of the instrumentation for TIRF microscopy measurements. The 
exciting light is depicted in blue, fluorescence light in yellow, green, and red. The magnification 
shows a vesicle with protein bound to the surface of the cell. See the text for details. 
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subtracted and molecules were selected if their brightest pixel had an intensity value between 
1000 and 3000. The corresponding fluorescence trajectories of the selected molecules were 
extracted from the movie. Because the emission from each molecule was distributed over several 
pixels, their intensity was averaged over all selected pixels per frame. The further analysis was 
done using Mathematica. % for each trajectory was calculated, and the trajectories were searched 
for jumps.  
Jump identification and trajectory fragment selection 
Trajectories were excluded from the analysis if the fluorescence intensity of one dye exceeded 
3000 or the sum of both dyes exceeded 3500 in at least one time frame (100 ms). The trajectories 
were searched for anti-correlated change points of donor and acceptor signal (Fig. 4A). A moving 
average was calculated separately for acceptor and donor traces over seven frames (700 ms)1 to 
minimize scatter. From the binned data obtained (Fig. 4B), identification trajectories (Fig. 4C) 
that report about the position of change points by peaks were calculated. Differences between 
fluorescence intensities of neighboring frames with different step sizes were added as described 
here in detail.  
To identify the change points in donor or acceptor signal, an identification trajectory 
&' is calculated for each signal, where ' = 1 … + denotes the 'th time frame and + is the total 
number of frames. The total number of frames is +. For each frame ', the value &' of the 
identification trajectory is calculated according to (see Fig. 4D for illustration): 
 
&1 = 0, &2 = 0, 
&' =  |/' − /' + 1|  + |/' + 1 − /' − 1|  + |/' − 1 − /' + 2|  
+ |/' + 2 − /' − 2|, 
&+ − 1 = 0, and  
&+ = 0. 
 
Here, /' is the intensity of the 'th time frame. The resulting identification trajectory was used to 
locate the jumps in the fluorescence trajectory. If the calculated value &' was higher than a 
threshold of 1000 or the sum of four succeeding values was higher than 600, the signal change in 
donor or acceptor, respectively, was identified as a change point. The criterion of the anti-
correlated change point was fulfilled if the donor and simultaneously the acceptor signal changed 
                                                     
1 The averaging of 700 ms was only used to identify the change points; further analysis was done 
with non-binned data. 
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with opposite sign and a minimum of 200 in the fluorescence intensity. For Csps, only trajectory 
fragments next to an anti-correlated change point were selected, and the resulting data were used 
for the histograms.  
 For CspBc, the jump identification method was additionally used as described without 
binning in order not to miss any events of the faster folding protein. In that case, not only the 
surrounding four neighboring frames, but the surrounding eight were used for the jump 
identification in order to be able to find transitions additionally to the short timescale of below 
400 ms in the range of 400 to 800 ms.  
In addition to the search for anti-correlated change points, 〈%〉 and the standard deviation 
in % of every trajectory fragment between identified change points (not necessarily anti-
correlated) were calculated. Additionally, 〈%〉 and standard deviation were calculated for the 
fragment between the beginning and the first change point as well as between the last change 
point and the end of the trajectory. Bleached parts of the trajectories could be largely excluded by 
using only fragments with a standard deviation of % smaller than 0.15. The standard deviation in 
donor and acceptor fluorescence intensity within a fragment had to be below 250. By this 
condition, slow intensity changes within one fragment could be largely excluded. Fragments were 
selected if the sum of donor and acceptor fluorescence intensity was in the range of 800 and 2500.  
 Finally, the intersection of the set of fragments identified by standard deviation and the 
set of fragments identified by anti-correlated change points was used. Different values for the 
identification via brightness in TIRFikon, thresholds for selection criteria used in Mathematica, 
such as for anti-correlated jumps and standard deviation were tested for the different proteins and 
their suitability judged from the separation of peaks in % histograms and from the separation of 
change point populations in transition maps. 
Trajectories of donor-only labeled CspTm 
Trajectories of donor-only labeled proteins were analyzed with criteria different from those of 
FRET-labeled proteins previously described. Donor-only trajectories with fluorescence intensities 
higher than 1500 were discarded. The mean of the fluorescence intensity of every fragment had to 
be below 1500. The maximum allowed standard deviation of % was not limited. The standard 
deviation of the donor fluorescence intensity had to be below 250 to select the fragment for 
analysis. By setting the above-mentioned conditions, the signal of bleached dyes and dark states 
was included in the analysis and could be characterized. The frequency of jumps to or from dark 
states could be observed, whereas in the FRET analysis only non-bleached trajectory fragments 
are taken into account. 
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Fig. 4. Change point identification in fluorescence trajectories. (A) Donor fluorescence (green), acceptor 
fluorescence (red), and E (blue) recorded with a bin size of 100 ms. The gray line indicates that fragments are 
selected, where the value is 1500 and shows change points where the value is 0. Change points are 
additionally indicated by purple points. (B) Binned signal of donor (cyan) and acceptor (purple) fluorescence 
trajectory from A. (C) Identification trajectory of donor (green) and acceptor signal (red) of the fluorescence 
trajectory in A. Purple points indicate the position of a change point. (D) Schematic of the change point 
identification procedure. The upper row shows the time frames 1 … + of the binned trajectory. The lower 
row displays the identification trajectory. Each value is calculated from the binned trajectory (blue arrows). 
The ends of the four horizontal brackets indicate the frames from which the difference in fluorescence 
intensity was calculated. The sum of the four differences &' yields the value of time frame ' for the 
identification trajectory. Details are described in the text. 




Characterization of labeled CspBc 
CspBc was labeled with donor and acceptor dyes at the termini of the peptide chain. In order to 
confirm two-state behavior of the protein with introduced cysteines and to determine the 
conformational stability of the labeled protein, the folding midpoint was measured by kinetic and 
equilibrium experiments. 
For the denaturant-dependent equilibrium transition, FRET between donor and acceptor 
was probed, and a folding midpoint of 2.3 M GdmCl was obtained (Fig. 5A). For the unlabeled 
protein, containing cysteine residues, but no dyes, and using tryptophan fluorescence intensity as 
a probe, a transition midpoint of 1.8 M GdmCl was obtained (Fig. 5A), which corresponds to a 
Fig. 5. Denaturant dependent equilibrium transition of CspBc: (A) Transition based on tryptophan fluorescence of the 
unlabeled protein (gray) and % of the labeled protein (blue). Fluorescence signals are normalized to fraction native. 
Transition midpoints were at 1.8 M and 2.3 M for tryptophan and FRET-based transition, respectively. Continuous lines 
represent least-squares fit analysis to the experimental data based on a 2-state folding mechanism. (B) Chevron plot of 
CspBc: Folding (circles) and unfolding rates (squares) of the FRET labeled protein dependent on the final GdmCl 
concentration. The transition midpoint was at 2.4 M GdmCl, the folding rate at the transition midpoint was 2.9 s
-1
. The 
fit results for folding and unfolding rates (dashed line) and the sum of the rates (solid line) are shown. (C) Raw data of 
the transition monitored by tryptophan fluorescence. (D) Raw data of the transition monitored by dye fluorescence 
and FRET. Shown are donor fluorescence (green), acceptor fluorescence (red), and FRET (blue). 
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destabilization of 4.2 kJ/mol. Raw fluorescence data of tryptophan and FRET measured transition 
are shown in Fig. 5C and Fig. 5D, respectively.  
For the determination of folding kinetics, stopped flow experiments were used. Again, 
FRET between the fluorophores was measured, in this case by monitoring the donor intensity (see 
methods). The Chevron plot shows a transition midpoint of 2.4 M GdmCl (Fig. 5B), in good 
agreement with the equilibrium experiments. The folding and unfolding rate at the folding 
midpoint is 2.9 s-1.  
Stochastic folding simulations of single molecules 
The folding rate of 2.9 s-1 should allow the detection of several transitions during the observation 
time in immobilization experiments. The observation time is 40 s in TIRF experiments but is 
limited in many cases by bleaching of the dyes. In previous experiments with CspTm, only few 
transitions could be observed until the dyes bleached within this time. CspTm folds and unfolds 
with a folding rate of 0.4 s-1 (3). The different folding frequencies of the two Csps are visible in 
stochastic simulations (Fig. 6). With the higher folding rate of CspBc, one order of magnitude 
higher than that of CspTm, ten times more transitions should be observed before bleaching of the 
dyes occurs. 
Single molecule diffusion experiments 
CspBc was observed in free diffusion single molecule experiments in order to compare FRET 
efficiencies to those measured under immobilizing conditions. The obtained % histograms of free 
diffusion single molecule experiments show two clearly separated populations with the native 
population at % ≈ 0.95 and the denatured population with % depending on the GdmCl 
concentration. With increasing denaturant concentration, the native population decreases while 
the denatured population increases. For CspBc, % of the denatured state shifts from 0.75 at low 
GdmCl concentrations (0.5 M and 1 M) to 0.4 at 6 M GdmCl (Fig. 8A), representing an 
expansion, as seen in Fig. 8B. At 2.5 M GdmCl concentration, the native state is populated to a 
similar extent as the unfolded state based on peak areas.   
Fig. 6. Stochastic simulations of the folding frequency of CspTm and CspBc at the unfolding midpoint, where CspTm
folds and unfolds with a rate of 0.4 s
-1
 (A) and CspBc folds and unfolds with a rate of 2.9 s
-1
 (B). A two-state system 
with a low FRET efficiency in the unfolded and high FRET efficiency in the folded state was assumed. 




Single molecule immobilization experiments 
For observing individual protein molecules for extended periods of time, proteins were 
encapsulated into vesicles, and the vesicles were attached to the surface to keep them in the 
confocal volume, or in the same position for TIRF measurements, respectively. Since the protein 
is much smaller than the vesicle, it is expected that it can diffuse freely inside the compartment 
and can fold as in free solution. A schematic drawing is shown in Fig. 7. 
Fig. 7. Schematic representation of a protein encapsulated in a 
vesicle immobilized on a surface. The average diameter of the 
vesicles is 100 nm. The vesicles are bound to the quartz surface
that is coated with a lipid bilayer via avidin-biotin chemistry. 
Relative dimensions are not to scale. Picture is taken from 
Rhoades et al. (44). 
Fig. 8. Single molecule diffusion experiments: (A) % histograms of CspBc. The GdmCl concentration in M is indicated in 
the panels. (B) 〈%〉 of the unfolded population of CspBc dependent on GdmCl concentration obtained from %
histograms. The error bar indicates the standard deviation estimated from two measurements. For GdmCl 
concentrations larger than 1.2 M, the error in % is estimated to be ~0.02. Only for low GdmCl concentrations, the 
unfolded population cannot be fitted accurately because of its small population. 
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Initial experiments were done using confocal detection. Immobilized molecules were 
visible as bright spots on a scanned area of the sample. Each molecule had to be accessed 
individually and measured until the fluorophores bleached, which was highly time consuming. To 
improve statistics, a TIRF-setup was used (Fig. 3), where many molecules could be observed at 
the same time. However, trajectories with anti-correlated donor and acceptor signal—as expected 
for a folding or unfolding transition—could be observed only very rarely (Fig. 9). The majority of 
the fluorescence trajectories showed changes in the donor and acceptor signal without obvious 
correlation. There were several different types of behavior observed: many of the anti-correlated 
Fig. 9. Trajectories of CspTm at 2 M GdmCl. Trajectories in this figure are selected to show different events observed. 
Red and green traces are fluorescence intensities of donor (green) and acceptor (red), blue is the calculated %. Purple 
dots indicate the identified jumps (occurring in donor or acceptor signal or in both). The gray trace indicates if the part 
of the trajectory was used for the analysis (value of 1500) or not (value of zero). 
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transitions could be assigned to acceptor bleaching. In these cases, acceptor fluorescence is 
decreasing with a simultaneous increase of donor fluorescence because transfer can no longer take 
place. In some trajectories, following acceptor bleaching, also donor bleaching is visible within 
the 40 seconds of recording time. In trajectories that showed step-like transitions for one of the 
dyes, the second dye showed in many cases behavior not correlated to the first dye. Dark states of 
one of the dyes that did not affect the other dye were observed and lasted up to a few seconds. 
Additionally, slow transitions without a step-like jump from high to low fluorescence signals were 
observed for donor and acceptor signals. Some trajectories showed a decrease of the fluorescence 
signal in multiple steps, indicating that more than one protein was enclosed in a vesicle. The large 
number of trajectories that did not show simple step-like and anti-correlated signal suggests that 
other events such as dye photophysics take place besides folding and unfolding. A selection 
procedure was developed to extract the events related to folding. 
Although the trajectories do not exhibit simple anti-correlated behavior, the overall color 
pattern of CspBc at different GdmCl concentrations corresponds qualitatively to the expected 
population of folded and unfolded conformations. This behavior can be seen by comparing the 
time-averaged TIRF images of 40 s-measurements of CspBc at different GdmCl concentrations in 
Fig. 10: in low GdmCl concentrations (0.1 M), many molecules show red (acceptor) fluorescence, 
indicating high % as expected for native proteins. The averaged signal changes with intermediate 
(2.0 M) GdmCl concentrations to yellow (indicating both green and red fluorescence) and with 
high concentrations (3.5 M) to green (donor) fluorescence corresponding to lower %, i.e. unfolded 
proteins.  
  
Fig. 10. Time-averaged images over 40 s TIRF measurements of 
immobilized CspBc. The panels shows an area of 
100 µm x 50 µm of the flow cell surface. Acceptor emission is 
shown in red, donor emission in green. Yellow is the overlay of 
both. Panels show samples at 0.1 M (A), 2.0 M (B), and 3.5 M 
(C) GdmCl concentrations. 
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Signal selection process 
In order to determine whether folding processes contribute to the signal changes rather than 
fluorophore photophysics, an automated analysis was performed that avoids a manual selection 
process that can yield strongly biased results. The analysis is described in more detail in the 
Methods section.  
Fluorescence trajectories were selected with the software TIRFikon and further processed 
with Mathematica. % was calculated, and different criteria had to be met by the trajectories or 
their fragments to be selected for the analysis. First, the trajectories were searched for anti-
correlated jumps in donor and acceptor signal, since this is an indication for a folding or unfolding 
transition. Additionally, trajectory fragments between the jumps were analyzed according to 
further criteria. For every fragment, the mean and standard deviation were calculated for % and 
donor and acceptor intensity over the whole fragment. The standard deviation of % proved to be a 
good criterion to identify bleaching because the apparent % fluctuates strongly if both dyes are 
bleached and their intensity is close to zero. Fragments were excluded from the analysis if 
acceptor and donor were bleached at the same time because fragments contain scatter that would 
contribute to a large width of %. Fragments were only selected for further analysis if the standard 
deviations were below a certain value to exclude fragments showing slow (not jump-like) 
intensity changes, because slow changes are not expected in trajectories presenting folding. 
Trajectories showing signal with high total fluorescence intensity, indicating more than one 
protein in the vesicle, and trajectories without anti-correlated signal were discarded, too. Since the 
protein encapsulation is a stochastic process, vesicles filled with multiple proteins are expected. 
From the Poisson distribution of proteins in vesicles under these condition, it is estimated that in 
the experiments presented here, 20 % of the filled vesicles are filled with two proteins (61). 
From the trajectories, only fragments were selected that fulfilled both the standard 
deviation criterion and the anti-correlated jump criterion of donor and acceptor signal. From these 
selected parts of the trajectories, % histograms and transition maps were plotted.  
% histograms were plotted to compare the results of the immobilization experiments and 
free diffusion experiments and to find defined folded and unfolded populations. % of every time 
frame (100 ms) of the selected signal fragments measured at the same GdmCl concentration were 
used for the histogram, i.e., the longer a fragment is, the more does it contribute to the histogram. 
As a result, there is a significant shot noise contribution in the % histograms.  
In transition maps , all pre and post-jump values of % of the trajectories were plotted with 
% before the jump on the abscissa and % after the jump on the ordinate, respectively. In contrast to 
% histograms, transition maps report on 〈%〉 of the fragments before and after a jump equally, 
independent of the fragment length. 
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Donor-only labeled Csp 
Due to the high complexity observed in the trajectories, also donor-only-labeled trajectories of 
CspTm were recorded to check whether the donor dye alone shows complexity higher than 
expected. Among the selection criteria to include the fragment into the analysis was the 
fluorescence brightness, which had to be within the intensity limits for one molecule 
(corresponding to two dyes). Jumps were recognized by the jump analysis, which is in this case 
only based on the change of the donor intensity since an acceptor is not present. The trajectory 
fragments obtained were further selected using the standard deviation criterion. Since selection 
for anti-correlated signal in donor and acceptor fluorescence could not be used, the donor 
intensity changes in Fig. 11 are only based on the standard deviation criterion. 
 Fluorescence trajectories show different types of intensity changes. Many trajectories 
were observed where the dyes exhibited blinking. A quantitative analysis of the donor-only 
labeled CspTm revealed that many fluorescence intensity jumps are present in these experiments, 
even though no change of fluorescence intensity is expected other than bleaching. 
Bleaching contributes to the lower right half of the transition map, where most jumps are 
located. A large jump population changes in fluorescence intensity from 1200 to values around 
zero and a smaller population changes from fluorescence intensity of 1200 to 700. Additionally, 
the opposite changes from low to high fluorescence intensities are present (from values of 100 to 
1100 and from values of 600 to 1200) that represent the return from dark states. 493 jumps were 
identified after standard deviation criteria were applied and were divided by the number of 
selected trajectories (670). The resulting average number of jumps per trajectory is 0.7. It is 
expected that additional complexity is added to the system by using additionally an acceptor dye. 
Different transfer efficiencies in immobilization and diffusion experiments 
There is a discrepancy in % observed between diffusion and immobilization experiments for most 
proteins observed. Pro20 (Fig. 12) and the unfolded population of CspTm (Fig. 13) show larger 
values of % in immobilization experiments than in diffusion experiments (3, 40, 62). In contrast to 
Fig. 11. Transition map of the donor fluorescence intensity of donor-only
labeled CspTm. All changes in fluorescence intensity that were recognized 
by the automated analysis were plotted with their values before (abscissa) 
and after a jump (ordinate) are included on the plot. 
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that, the unfolded population of CspBc at 0.1 M GdmCl shows smaller % in immobilization 
experiments than in diffusion experiments. On the other hand, % of Pro6 and of the native 
population of CspTm is in good agreement for both kinds of experiments.  
Thus, the discrepancy in % cannot be solely due to the different instrumentation used in TIRF 
experiments in comparison to the confocal instrumentation for the diffusion experiments because 
the variation has opposite sign dependent on the sample. The origin of this discrepancy could not 
yet be clarified. However, for the kinetic studies of proteins, the calibration to exact values of % is 
not crucial and therefore % was not corrected in TIRF experiments. 
Polyproline peptides 
Proline peptides were measured to test the suitability of the system. The peptides used contained 
either 6 prolines (Pro6) or 20 prolines (Pro20) and were labeled at the cysteine introduced at the C-
terminus and at the N-terminal glycine residue. For proline peptides, trajectories without anti-
correlated donor and acceptor fluorescence intensity during the jumps were included in the 
analysis to quantify the heterogeneity caused by dye photophysics photochemistry. Bleaching of 
the dyes can occur in the trajectories, and hence should be visible in the transition maps. In all 
% histograms of the immobilization experiments, the donor-only peak is visible with 〈%〉 of 0.1 
(Fig. 12). This peak results from molecules whose acceptor dye is bleached or temporarily in a 
dark state. The donor-only peak in diffusion experiments is always close to zero. The reason why 
it is higher in TIRF immobilization experiments must be due to the acceptor fluorescence that is 
not zero in the donor-only fragments. This could happen if the acceptor background was not 
completely subtracted, but is unlikely in this case, because it was taken care to subtract the 
backgrounds of donor and acceptor fluorescence to the same level. It is also possible that both 
backgrounds are not completely subtracted. In that case also higher values of % are expected. 
Shotnoise and a heterogeneous background additionally broaden the peaks but do not shift the 
position. 
In single molecule free diffusion experiments, Pro6 showed a peak at % ≈ 0.95 (62). The 
same value is observed in % histograms of immobilization experiments on Pro6 presented here. In 
transition maps, a change of % from 0.95 to 0.2 is seen, which corresponds to acceptor bleaching 
(Fig. 12C). In addition to the high % and the donor-only population, a small population with 
% ≈ 0.55 is seen in % histograms and transition maps, which is populated from % ≈ 0.95. A small 
population is seen that corresponds to bleaching with % changing from 0.55 to values below 0.2.  
If only trajectories of Pro6 with anti-correlated jumps are selected (Fig. 12B), as it is done 
for the analysis of Csps, the population at % ≈ 0.55 increases in the % histograms relatively to the 
population % ≈ 0.95. Although this selection is not suitable for proline peptides, since no folding 
or other change in conformation is expected, it shows that also in proline peptides some events are 
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occurring that give a transition-like signal. These events cannot be related to folding because it is 
known from free diffusion single molecule experiments that only one population besides the 
donor-only population is present. The origin of this additional population cannot be explained 
clearly but might be due to dye photophysics. 
Pro20 showed a peak with % ≈ 0.7 in % histograms (Fig. 12A and B) and transition maps 
(Fig. 12C), which converts to % corresponding to the acceptor-bleached population. The observed 
% ≈ 0.7 is different from the value of 0.55 observed in single molecule free diffusion experiments 
(62) and shows a rather broad distribution in comparison to Pro6. The separation between the 
Fig. 12. % histograms and transition maps from single molecule immobilization experiments of Pro6 (left) and Pro20
(right). % from every time frame selected from the trajectories was used for the histograms. (A) Trajectories with anti-
correlated and non-anti-correlated signal were used. (B) Only trajectories with anti-correlated signal were used. (C) 
Transition maps of proline peptides. Changes in % before (abscissa) and after a jump (ordinate) are plotted. All jumps 
are included in the plot that met both criteria, the anti-correlated jump criterion and the standard deviation criterion. 
The number of jumps increases from dark blue to light blue; black areas are highly populated areas that are off-scale. 
Peaks were cut to allow a finer resolution for the lower frequency occurrences. 
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donor-only and the Pro20-peak is slightly better if the non- anti-correlated signal is included in the 
analysis (Fig. 12A). This is again an indication that the trajectories contribute to anti-correlated 
signals with % different from the main population with % ≈ 0.7 and different from acceptor-
bleached molecules. 
Proline peptides show mainly bleaching from their characteristic %, which is visible as 
populations in the lower right half of the transition maps. For both proline peptides, bleaching (% 
changes to values below 0.2) is visible. For Pro6, transitions to possibly dark states (towards % ≈ 
0.55) are seen additionally.  
Cold Shock Proteins (Csps) 
For Csps, only trajectories showing an anti-correlated fluorescence signal were chosen from the 
immobilization experiments because anti-correlated jumps are expected if folding takes place. As 
for the proline peptides, the donor-only peak is present for the Csps at all GdmCl concentrations. 
The histograms (Fig. 13 and Fig. 14) of the selected signal from the trajectories of CspBc and 
CspTm show different distributions of populations dependent on the GdmCl concentration. These 
differences in the distributions are also seen in the transition maps, but interestingly, they do not 
show distinct populations that correspond to folding or unfolding events for both Csps. As a 
comparison, % from every time frame individually of all measured trajectories without discarding 
any signal is shown in Fig. 13C. For all proteins, the majority of the changes of % is located in the 
lower right half of the transition map, which indicates that % is lowered and proteins are unfolding 
or acceptor dyes are bleaching.  
CspTm 
Although fluorescence trajectories of immobilized proteins are very heterogeneous, the 
% histograms of immobilization experiments are reflecting the differently populated states 
depending on the GdmCl concentration approximately as known from free diffusion experiments. 
The three % histograms obtained from immobilized molecules of CspTm (Fig. 13B) show 
approximately a bimodal distribution, but it is not as clearly defined as for the single molecule 
diffusion experiments (3, 40). The % histograms of immobilization experiments differ from the 
histograms obtained by single molecule diffusion experiments in some points.  
In diffusion experiments, mean measured % for the unfolded state is smaller in 
comparison to the data of immobilization experiments. For free diffusion experiments, mean 
measured % of the unfolded state is 0.45 at 1 M GdmCl (40), whereas it is about 0.7 for 
immobilized molecules (Fig. 13B). The native population is located at % of 0.95 for both diffusion 
and immobilization experiments. The unfolded population is very small in diffusion experiments, 
whereas it is quite prominent in immobilization experiments. At 2 M GdmCl in % histograms of 
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immobilization experiments, one main population with % ≈ 0.65 is visible, and additionally a 
weak shoulder with % ≈ 0.9, indicating the native population, whereas in diffusion experiments, 
% ≈ 0.43 for the unfolded population and % ≈ 0.95 for the native state. In diffusion experiments, 
the native fraction is still observed, whereas it is barely visible in immobilization experiments. 
Only at a concentration of 1 M GdmCl, the native state is populated significantly. As it is already 
seen in the % histograms of immobilization experiments, transition maps show hardly any native 
population at 2 M GdmCl. This may be an indication towards a destabilization under the 
immobilization conditions, since in free diffusion experiments there is still a prominent native 
population visible at 2 M GdmCl. In diffusion experiments in 3 M GdmCl, measured % is 0.4, 
whereas it is 0.6 in immobilization experiments.  
Fig. 13. Transition maps and % histograms of CspTm in 1.0, 2.0, and 3.1 M GdmCl as indicated. (A) Transition maps of 
all jumps meeting both, the anti-correlated jump criterion and the standard deviation criterion are shown. (B) Only 
trajectories with anticorrelated signal were used for the % histograms. (C) % histograms of all trajectories including all 
fragments measured. 
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The transition maps indicate at all three GdmCl concentrations a change from the 
unfolded state with % between 0.55 and 0.7, dependent on the GdmCl concentration, to the donor-
only population with % < 0.2, which corresponds to acceptor bleaching (Fig. 13A). The 
advantage of the transition maps is that subpopulations of jumps can be resolved in some cases. 
At 1 M GdmCl, in addition to the jump population that changes from the unfolded to the donor-
only population there is one minor population with a change from % ≈ 0.95 to % < 0.2 that 
represents acceptor bleaching from the native state. Furthermore, two minor populations change 
from the native state with % ≈ 0.95 and from % ≈ 0.75 to % ≈ 0.45. The change of % from 0.95 to 
0.45 may correspond to a transition from the folded to the unfolded state with the same % as in 
diffusion experiments at 1 M GdmCl. Therefore, it seems that most of the molecules in 
immobilization experiments behave differently from free diffusing molecules. The origin of the 
transition from % ≈ 0.75 to % ≈ 0.45 is unclear. At 2 M GdmCl, no clear subpopulations are 
found and the unfolded population is rather one broad distribution that covers all observed 
% values from 0.4 to 0.8. 
 At all three GdmCl concentrations measured, there are few events located in the upper left 
half of the transition map. Some of these events, those with % changes from the unfolded state 
(0.55 to 0.7) to 0.95 (native state), could be assigned to folding events and are present at all 
GdmCl concentrations, but these represent the minority of all events. The corresponding 
unfolding could be seen clearly only for changes from % ≈ 0.95 to values between 0.55 and 0.7 at 
1 M GdmCl.  
CspBc 
% histograms of the immobilization experiments of CspBc show one peak rather than both native 
and unfolded populations (Fig. 14B) as observed in free diffusion experiments of CspBc (Fig. 8). 
At 0.1 M GdmCl, a main population with transfer % ≈ 0.95, corresponding to the native 
population, is visible in % histograms (Fig. 14B) and transition maps (Fig. 14A). The separation 
between the donor-only and the native peak is very low, but the transition maps show a defined 
population at % ≈ 0.55. In diffusion experiments, the unfolded population is only visible at 1.2 M 
or higher GdmCl concentrations and is located at % ≈ 0.65 at 1.2 M GdmCl. It is expected to be 
located at even higher % at lower GdmCl concentrations. Interestingly, in immobilization 
experiments, the unfolded conformations are already populated at almost native conditions at 
0.1 M GdmCl (Fig. 14B). Transition maps indicate that acceptor bleaching is occurring from the 
native and the unfolded state. Additionally, one population changing from % ≈ 0.95 to % ≈ 0.55 
is present, possibly corresponding to unfolding events. 
At 2.3 M GdmCl, there is one broad peak with a % ≈ 0.65 in the % histogram of 
immobilized molecules and in transition maps, corresponding to the unfolded population, whereas 
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in diffusion experiments the unfolded peak is at % ≈ 0.55 at the same GdmCl concentration (Fig. 
8). In diffusion experiments, a large native population relative to the unfolded population is 
visible, whereas it is almost not present in immobilization experiments. This is a further indication 
for destabilization in immobilization experiments in comparison to diffusion experiments, as also 
suspected from the CspTm measurements. Similar as for CspTm, in the transition maps only 
bleaching and unfolding are observed. 
At 2.9 M GdmCl, there is a peak with % ≈ 0.65 in % histograms and transition maps for 
immobilization experiments, compared to % ≈ 0.55 of the unfolded peak in free diffusion 
experiments. As for 2.3 M GdmCl, no folding transitions, but only bleaching is visible (Fig. 14A). 
The transition maps, which allow an easier identification of subpopulations than in 
% histograms, show that almost no native protein is present in immobilization experiments at 2.3 
Fig. 14 . Transition maps and % histograms of CspBc at 0.1, 2.3, and 2.9 M GdmCl as indicated. (A) Transition maps of 
all jumps meeting both, the anti-correlated jump criterion and the standard deviation criterion are shown. (B) Only 
trajectories with anticorrelated signal were used for the % histograms. 
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and 2.9 M GdmCl. Therefore, the presence of only one peak for CspBc in the % histograms is not 
only due to a bad separation between native and unfolded peak, but reflects the populations 
present at the chosen GdmCl concentrations. 
% of the unfolded population is shifting from % ≈ 0.55 at 0.1 M GdmCl, to % ≈ 0.65 at 
2.3 M GdmCl and 2.9 M GdmCl. This is the opposite direction as expected for the equilibrium 
collapse, but the shift is so small that it is within the uncertainty of the measurement. 
As a reason for the missing peak separation, the time resolution of the experiments of 100 ms 
used with the CCD camera was considered. With a folding rate of 2.9 s-1 for CspBc, the average 
folding time of CspBc is 345 ms. For the identification of the jumps, a binning of 700 ms was 
used. Hence, it is possible that some folding events are not identified, if they occur in rapid 
succession. Regarding the few folding events found overall (also for CspTm), it is rather unlikely 
that two events are happening at the same time.  
However, the jump identification was repeated without binning for control according to the 
description in the methods section for CspBc. The transition maps (Fig. 15) derived from these 
identifications did not differ significantly. It is seen that many jumps are found meeting the 
Fig. 15. Transition maps of CspBc at 
2 M GdmCl depending on different 
binning of the data used for the 
jump identification. (A, left) Binning 
of 7. (B, right) Binning of 1. Upper 
panels show the signal meeting anti-
correlation criterion, middle panels 
show jumps meeting the standard 
deviation criterion, and lower 
panels show the intersection of 
jumps meeting both criteria. 
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standard deviation criterion, but are then discarded if the intersection of both criteria is calculated 
and the resulting jumps found are very similar to the jumps found after the 700 ms binning was 
applied. Therefore, the reason of the missing separation of populations cannot be due to the faster 
folding rate of CspBc in comparison to CspTm. 
Polarization Experiments 
As shown by Boukobza et al. (45), polarization experiments of singly immobilized molecules 
provide information about the rotational freedom of the proteins in lipid vesicles. Donor-only 
labeled CspBc molecules were excited with circularly polarized light and the horizontally and 
vertically polarized fluorescence light emitted from each molecule was measured. For each 
molecule, the polarization was calculated per time frame and averaged per trajectory. The 
distribution of the averaged polarization values is shown in (Fig. 16). 
If a molecule is sticking to the lipid vesicle surface, it is not able to rotate freely and is expected to 
show a fixed non-zero polarization. The signal of many molecules hindered in rotational freedom 
would therefore result in a broad distribution of polarization values. For freely rotating molecules, 
it is expected that the polarization is averaged during the sampling time and a narrow polarization 
distribution is expected. The narrow distribution of the averaged polarization with a full width at 
half maximum of 0.15 indicates that the molecules can freely rotate (45).  
 
 
Overview of the selection process and statistics 
Fig. 17A shows the number of trajectories chosen for the analysis of the immobilization 
experiments, with different selection criteria. 18 to 37 % of the trajectories identified by TIRFikon 
were discarded due to high total fluorescence, indicating multiple proteins in a vesicle. If in 
addition non-anti-correlated trajectories are excluded from the analysis, there were finally 14 to 
28 % of the initial trajectories (identified by TIRFikon) left for the Csps and 8 to 14 % for proline 
peptides (Fig. 17B), respectively. Of the trajectories finally chosen (yellow), only those fragments 
were selected for the analysis that agreed with the further criteria of anti-correlated jumps and 
standard deviation Fig. 18A. 
Fig. 16. Distribution of fluorescence 
polarization of individual donor-only 
labeled CspBc molecules immobilized in 
lipid vesicles. The solid curve is a Gaussian 
fit to the experimental data. 
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The number of recognized jumps in all measured trajectories is given Fig. 18A. The 
number of jumps decreases significantly if selection criteria are applied to trajectories containing 
at least one anti-correlated jump. 34 to 74 % of the jumps in the selected trajectories meet the 
anti-correlation condition and 38 to 75 % meet the standard deviation criterion. In the case of 
CspBc under conditions without binning, very high numbers of jumps are found (75 to 78 %). The 
intersection of both criteria results in a number of selected jumps of 17 to 34 % of the identified 
jumps in the selected trajectories. It is seen also in transition maps that the jumps following anti-
correlation and standard deviation criteria overlap only partially and therefore the resulting 
number of jumps is significantly smaller (Fig. 15). This relatively small overlap is mainly due to 
the identification of jumps that can be based either on a change of the donor fluorescence or the 
acceptor fluorescence, but not necessarily on both of them. Therefore, in the transition maps with 
the jumps selected according to the standard deviation criterion, there is a large jump population 
included that shows only a very small or no change in % and is located on the diagonal. That is 
especially the case for CspBc with the jump identification without binning. 
The order of applying the different selection criteria does not have an influence on the 
result. If trajectories without anti-correlated jumps are initially included in the analysis, a higher 
number of jumps pass the standard deviation criterion. During application of the anti-correlated 
jump criterion, these jumps are discarded and the identical jumps as with the method described 
above are resulting. 
  
Fig. 17. Evaluation of trajectory statistics: (A) Number of trajectories selected after applying different selection 
criteria. All trajectories identified by TIRFikon (blue), trajectories left after signal with multiple molecules in one 
vesicle was excluded (purple), and after additionally non-anti-correlated trajectories were discarded and only 
trajectories containing at least one anti-correlated jump were kept (yellow). (B) Same as in A, but in percent of all 
identified trajectories. 
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Frequency of jumps 
Trajectories were analyzed for their jump frequency. The average number of jumps per trajectory 
was calculated for the different steps of the selection process. Only trajectories were used for the 
calculation that were finally selected and contained trajectories showing anti-correlated signal 
(Fig. 19A) or trajectories containing both anti-correlated and non-anti-correlated signal (Fig. 
19B). Compared are the following jumps per trajectory: all identified jumps, including jumps only 
occurring in donor or acceptor signal, anti-correlated jumps, and jumps contained in the 
intersection of anti-correlated and standard deviation recognized jumps. The latter are therefore 
anti-correlated jumps that are between two adjacent fragments that passed the standard deviation 
criterion. 
If the jump frequency of the different proteins measured in immobilization experiments 
would correspond to their folding behavior known from single molecule diffusion experiments, 
only a few jumps are expected for proline peptides. Diffusion experiments showed only one 
population besides the donor-only peak. Therefore, only jumps due to acceptor bleaching are 
expected. Some more jumps are expected for CspTm, which folds at the transition midpoint with a 
rate of 0.4 s-1 (3), and even more for CspBc, which folds with a rate of 2.9 s-1. In contrast to the 
measured folding rates, the anti-correlated trajectories (Fig. 19A) show no clear difference in the 
jump frequency between the two Csps, no matter which selection of jumps is used.  
Additionally, a change in the folding rate and therefore in the average number of jumps 
per trajectory is expected with the GdmCl concentration for the Csps. If two 2-state folders, like 
Csps, follow the kinetic rates revealed from ensemble experiments also in single molecule 
experiment s, the highest folding and unfolding rate should be found at the transition midpoint.  
Fig. 18. Number of jumps in trajectories: (A) Number of jumps identified according to different criteria in trajectories 
showing at least one anti-correlated jump, (B) Jumps in non-anti-correlated and anti-correlated trajectories together. 
Jumps were selected according to the following criteria: all jumps identified, including jumps that show only a jump 
in donor or acceptor signal (blue), only anti-correlated jumps (purple), only jumps (not necessarily anti-correlated) 
that are next to fragments that fulfill the standard deviation criteria (yellow), and all jumps that are in the 
intersection of the latter two (green). 




According to the ensemble kinetic data, at this concentration the folding and unfolding 
rates are the same. At lower and higher denaturant concentrations, the folding rate of a single 
molecule should be lower because the unfolding rate under concentrations below the midpoint is 
slower than at the transition midpoint and hence limiting the folding frequency. The same effect 
of slower folding is expected for the folding at GdmCl concentrations higher than the transition 
midpoint. In this case, the folding rate is limiting. Especially at 3 M GdmCl for the CspBc, the 
folding rate is extremely low (Fig. 5B). In contrast to this consideration, differences in the 
frequency of jumps per trajectory between the different GdmCl concentrations of each Csp are not 
visible (Fig. 19). 
For both Csps, the number of jumps per trajectory decreases from anti-correlated jumps to 
the intersection of anti-correlated jumps and jumps meeting the standard deviation criterion to a 
similar extent (Fig. 19A and C). Therefore, it is assumed that the standard deviation is not 
increased by partly captured folding events of CspBc, which would be the case if the 
Fig. 19. Average number of jumps per trajectory. (A) Anti-
correlated trajectories only, (B) anti-correlated and non-
anti-correlated trajectories. (C) Enlargement of anti-
correlated jumps and intersection from (B). All 
trajectories were used whose fragments and jumps were 
selected in the analysis. All jumps found initially (blue), 
jumps with anti-correlated signal (purple), and jumps 
selected with the intersection of anti-correlated and 
standard deviation criteria (yellow) were divided by the 
number of all selected trajectories.  
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identification method would not be able to find every jump, e.g. due to too strong binning of the 
data. In that case, jumps would be located within fragments, increase the standard deviation, and 
would be excluded from the analysis. In contrast to that, even more trajectories of CspTm are 
discarded because they do not meet the standard deviation criterion. 
If only trajectories with anti-correlated jumps are considered (Fig. 19A), Csps and proline 
peptides are expected to show a difference in the number of jumps per trajectories, since prolines 
are assumed to show only acceptor bleaching events with anti-correlated signal. Csps are expected 
to display additionally to bleaching folding events, which should lead to a higher number of 
jumps per trajectory. However, no clear difference in the number of jumps per trajectory is seen 
for proline peptides in comparison to Csps, independent of the jump selection process (all jumps 
identified, anti-correlated jumps, or jumps according to the intersection criterion). 
If the number of jumps per trajectory is compared, taking also trajectories without anti-
correlated signal into account, there is not a clear difference between prolines and Csps 
considering all trajectories (Fig. 19B). If only anti-correlated jumps per trajectory are considered, 
instead of all jumps, the frequency for all proteins and selection criteria decreases by one order of 
magnitude. Although the jump frequencies of proline peptides are about half the jump frequency 
of Csps, they are still higher than expected and therefore not likely related solely to folding 
behavior. If only the intersection of anti-correlated jumps and jumps selected according to the 
standard deviation criterion is selected, the difference between proline peptides and Csps is less 
pronounced. Pro6 shows 0.1, Pro20 0.2 jumps per trajectory, and the values for Csps are between 
0.2 and 0.4 and therefore slightly higher.  
This raises the question if the standard deviation criterion is helpful to select the folding 
related signal, and on the other hand how much folding related signal at all is contained in the 
trajectories. If from the anti-correlated jumps, only those are selected that meet additionally the 
standard deviation criterion, less than half of the jumps are remaining (Fig. 19B). Since proline 
peptides are not expected to show conformational transitions on the observed time scale, the anti-
correlated events found in proline trajectories must be caused by dye photochemistry (or acceptor 
bleaching). Proline peptides show only slightly less anti-correlated jumps per trajectory than Csps. 
Since for Csps besides blinking and acceptor bleaching also folding events are expected, it is 
surprising that relatively few anti-correlated jumps are found for Csps in comparison to proline 
peptides. 
From Fig. 17B it is seen that proline peptides display less trajectories with anti-correlated 
jumps than Csps. For Pro6 and Pro20, 8 % and 14 % of the trajectories, respectively, showed anti-
correlated signal of all trajectories in the selected brightness range. Of Csps, 14 to 23 % contained 
anti-correlated jumps. The tendency of proline peptides displaying fewer transitions is also seen 
here, but again a stronger discrepancy was expected. 
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On average, 4 to 5 jumps per trajectory were found (Fig. 19A and B), but only about one 
was found per trajectory after intersection criteria were applied. If the transition maps are 
considered, it is seen that most of the anti-correlated signal is caused by bleaching of the dyes, but 
not visible in ranges of the plot where folding or unfolding would be expected. The frequency 
analysis is an additional hint that the trajectories and the transitions do not represent solely 
folding, but probably photochemical events of the dyes.  
  




Previous work on vesicle encapsulated CspTm generated results with short trajectories and 
relatively low statistics (44). In that work, the bleaching of the fluorophores was limiting the 
recording time of the fluorophores to several seconds. Additionally, it was quite time consuming 
to measure every molecule individually.  
In order to observe the folding of individual molecules more quantitatively, in this work 
CspBc was used, which folds according to a 2-state model, but folds and unfolds with a tenfold 
higher rate than CspTm. In the observation time, more transitions should be recorded for a better 
statistical analysis. Furthermore, proteins with different folding rates and stiff polyproline 
peptides were chosen. TIRF microscopy was used, which allowed the measurement of up to 300 
molecules at a time. The large heterogeneity observed in the trajectories could be reduced by an 
automated analysis selecting only trajectories or fragments of trajectories containing constant 
signal between anti-correlated jumps (for Csps). However, the results obtained from the 
immobilization experiments are ambiguous. On the one hand, agreement was found in the 
equilibrium behavior averaged over time, but on the other hand, no significant differences 
between the CspBc and CspTm could be found in single molecule experiments in terms of the 
frequency of folding, in contrast to what is known from ensemble experiments. 
Qualitative agreement in histograms 
% histograms obtained from a large number of trajectories agree qualitatively with the histograms 
obtained from single molecule experiments with freely diffusing protein. As in diffusion 
experiments, % histograms show two distinct populations for both Csps: the unfolded and the 
folded population. Although the measured % of the unfolded state and the distribution of the peak 
size is not agree, the tendency that the native population is decreasing and the unfolded population 
is increasing with increasing GdmCl concentrations is also present in immobilization experiments. 
Immobilization experiments of proline peptides that are not folding due to their rather rigid 
structure were therefore used as a control and were found to agree qualitatively with free diffusion 
experiments. Pro6 displayed the same % as in free diffusion single molecule experiments, and only 
showed a small additional population whose origin is unclear. Pro20 showed different % in % 
histograms of immobilized molecules and in free diffusion single molecule experiments. The 
origin of this discrepancy could also not be identified in the present work. 
The partial agreement between immobilization and free diffusion experiments suggests 
that folding information is contained in the immobilization trajectories, but in addition, other 
events contribute to the signal. 
FRET-trajectories of single immobilized Csps  86 
 
 
Unexpectedly few folding events and jumps with anti-correlated fluorescence signal 
Assuming that the Csp trajectories show a signal related to folding and unfolding in addition to 
acceptor bleaching, they should contain a significantly higher number of anti-correlated jumps per 
trajectory than proline peptides, whereas CspBc trajectories are expected to contain more jumps 
than CspTm trajectories, as known from ensemble experiments. The examination of the frequency 
of anti-correlated jumps per trajectory revealed that the obtained kinetics do not correspond to 
those measured in ensemble experiments. Furthermore, they do not show a significant difference 
between proline peptides and Csps. There is no difference visible between the two Csps, although 
they fold with tenfold different folding rate according to ensemble experiments. Because for none 
of the proteins, trajectories with anti-correlated jumps were obtained that corresponded to the 
folding rates known from ensemble experiments, it seems that the measured signal is not related 
to folding, but almost independent of the measured sample. The concern that the folding events of 
CspBc cannot be resolved due to the high frequency of folding and too large binning times for the 
jump identification was excluded. The results suggest that the observed signal is rather a result of 
the dye properties, i.e., their transitions to dark states, but not signal related to folding.  
Generally, the relatively high number of jumps without anti-correlated signal indicates 
that only one of the dyes is changing the signal, which would be not expected in the case of 
acceptor bleaching or folding and unfolding. Only donor bleaching following acceptor bleaching 
would yield such a signal. Therefore, it is assumed, that most of the non-anti-correlated jumps are 
related to dark states of the dyes. In addition, the high number of Csp trajectories not showing any 
anti-correlated signal and the low number of anti-correlated jumps in all trajectories support the 
assumption that the trajectories do not contain much signal related to folding. This is in agreement 
with the transition maps, which show that bleaching is dominating the signal changes and only 
few events can be related to folding or unfolding.  
It would be surprising if proteins had a completely different folding behavior if 
encapsulated in vesicles in comparison to ensemble experiments. A different folding behavior 
would also be in contradiction with previous work (44). However, the data presented here 
suggests that the proteins are destabilized in vesicles, as indicated by the observation that at 
GdmCl concentrations around the transition midpoint, almost only unfolded populations are 
present in both Csps in % histograms and transition maps of immobilization experiments. An 
explanation would be that proteins stick preferably to the lipid vesicles in the unfolded state, 
which could stabilize the unfolded state, but this hypothesis is in contradiction with fluorescence 
polarization measurement that show a rather narrow distribution, indication rotational freedom of 
the molecules. Another explanation would be that the fluorescence signal is rather dominated by 
dye photophysics. This is also controversial, because the same dyes were used as in a previous 
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work (44). However, also in this previous work there is a possibility that intensity changes 
originating from dye photochemistry were included in the analysis. 
Additional transfer efficiency of Pro6 
It could not be clarified what the origin of the population with % ≈ 0.55 for Pro6 is. It is unlikely 
to be a result of conformational change, because proline peptides are present as a helix type II that 
has an extended conformation. It is known that proline peptides can undergo some bending, but in 
the case of Pro6, % of less than 0.95 means that the distance has increased, which is not possible 
because extension is limited by the bond length. Furthermore, populations with % ≈ 0.55 are not 
present in single molecule free diffusion experiments, which suggests that this population is a 
result of altered fluorophore properties by photochemistry induced by long-term excitation or by 
immobilization. Additionally, for Pro20, a worse peak separation between donor-only and proline 
peak than in free diffusion experiments indicates a higher contribution to lower %. Since longer 
distances are not possible, these contributions might be due to dark states. 
Possible explanations for dark states and outlook 
It was recently found by Chung and coworkers (48) that Alexa Fluor 488 has a transient populated 
state with a red shifted emission. This was observed by measuring spectra of the emission of 
single dyes. It is highly probable that this red shifted state also appears in the measurements 
presented here. This would have two effects that both influence %. First, the donor has a lower 
intensity at the original donor (and measured) emission. Second, the overlap integral between 
donor emission and acceptor absorption spectra is changed, which results in a changed Förster 
radius. Third, more crosstalk into the acceptor channel is present. If the correction factor is not 
changed for the affected trajectory parts, additional populations with a larger % could appear. This 
additional fluorescence intensity of the donor could contribute to additional complexity of the 
trajectories. However, in the work presented here, there are no additional populations in the 
transition maps or in the % histograms observed. The peak separation in % histograms is quite 
low, but in transition maps, additional populations should be visible. 
The heterogeneity observed in the trajectories is most probably related to the unexplored 
photophysics or photochemistry of the dyes, such as the transient presence of dark states, the red 
shifted state of Alexa Fluor 488 or the formation of radicals (48, 55). A range of solution 
conditions and additives supposed to influence triplet and radical formation have been tested, but 
up to the end of the experiments, no positive effect could be identified. Since the project was 
terminated, some further additives that were able to increase lifetime and brightness of the dyes in 
diffusion and vesicle free immobilization experiments were tested in the group of Benjamin 
Schuler. 
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The problem could possibly also be addressed by choosing a different set of dyes, but it is 
also known that other dyes, as for example Cy3 and Cy5, have dark states. Additionally, both 
dyes are very hydrophobic, which could introduce some additional interaction with the vesicle 
surface. The choice of dyes had been limited by the excitation wavelength of the laser, but can be 
overcome now with the installation of fiber lasers, that allow extending the available wavelength 
range.  
Currently, a number of experiments are ongoing to elucidate the source of photophysics 
interfering with our measurements. The role of dye-protein interactions that could induce dark 
states are addressed in experiments with DNA, labeled with the same dyes. Experiments with 
donor-only labeled protein demonstrated that the majority of trajectories showed continuous 
emission and final step-like bleaching. This could be checked for the acceptor by direct acceptor 
excitation, which is possible with a laser that has become available recently. Additionally, anti-
correlated laser excitation (ALEX) of donor and acceptor during the entire observation would 
provide information of the state of the acceptor and allow the identification of trajectories or parts 
of them, in which both fluorophores are intact. Additional recording of fluorescence polarization 
could give information about the rotational freedom during the whole measurement. 
Summary 
In summary, although fluorescence trajectories obtained from proteins encapsulated in vesicles 
were very heterogeneous and dominated by signal that was not obviously related to folding, but 
rather dependent on dye photophysics, it was possible to extract some folding signal related to 
folding. With a sophisticated automated analysis, trajectories or fragments of them were selected 
and further analyzed. Agreement was found in % histograms of immobilization and diffusion 
experiments, but it was limited to the presence of one and two states for proline peptides and 
Csps, respectively and their dependence on GdmCl in the case of Csps. However, there was no 
agreement found in kinetic behavior to ensemble measurements. It was rather shown that the 
obtained kinetic signal cannot be related to folding, since it was not protein specific, but very 
similar folding and unfolding frequencies were measured for different proteins. Potential folding 
signal was recognizable only in very few cases. Further work will have to address the possible 
influence of dye photochemistry in more detail. 
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Conclusion and outlook 
 
This work consists of four parts: the first and the second part treat the collapse in protein folding 
and address the question, which interactions are dominant in the unfolded state; the third part 
treats the conformation of proteins bound to molecular chaperones, and in the fourth part, small 
proteins were immobilized to observe their individual folding behavior. 
The focus of this work is the contribution of different interactions to protein collapse. The 
comparison of the temperature-induced collapse of a two-state folder and an intrinsically 
disordered protein (IDP) revealed that the collapse is not only driven by hydrophobic interactions, 
but that additional forces contribute to the compaction in the denatured state (42). There are 
indications from circular dichroism spectroscopy and simulations that there is secondary structure 
formation induced with increasing temperature that could lead to the collapse by forming non-
native hydrogen bonds (63). It is still not clear which interactions are the dominant ones. Further 
steps could be to probe the temperature-collapsed state for local structure by nuclear magnetic 
resonance experiments. This might show whether specific interactions are participating, e.g., 
hydrogen bonds stabilize the collapsed state. Molecular simulations could also give further 
information about energetic contributions to unfolded state collapse.  
The investigation of the denaturant-dependent collapse of IDPs with their high content of 
charged amino acids showed that the collapse is highly dependent on the average charge density 
and therefore dominated by electrostatic forces. A polyampholyte model (64) was applied to the 
data and was shown to describe the attractive and repulsive contributions that account for the final 
protein dimensions (65). These findings are important steps for the ultimate goal of quantifying 
the different contributions that cause proteins to fold. Additionally, information about the 
dimensions of IDPs and their strong salt dependence at low ionic strength is obtained. 
Consequences might be especially interesting for the function of IDPs. 
In the third part of the work, the conformation and dynamics of a protein bound to a 
chaperone were investigated. By a combination of single molecule FRET and time-resolved 
fluorescence anisotropy decays, it was shown that in the case of rhodanese bound to the 
chaperone GroEL, fluorophore rotation is restricted, but that structural information still can be 
obtained from the FRET experiments by considering orientation factors (66). The results imply 
that the protein binds as a partially structured folding intermediate to the chaperone. This provides 
a general possibility to obtain distance information from systems with restrained dye rotation.  
The aim of the fourth part of this thesis was to determine the folding and unfolding 
kinetics of single immobilized Csps and to compare them to the “average” folding rates of an 
ensemble of proteins. The results showed a high complexity in the trajectories, which is most 
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probably due to dye photophysics and photochemistry. A comprehensive analysis method of 
trajectory data was developed and showed that the signal does not show solely protein folding and 
unfolding, but is dominated by the above mentioned dye effects. To detect folding and unfolding 
in these experiments, large improvements are needed. The next attempt of these kinds of 
experiments should include additives that protect the fluorophores from bleaching and temporal 
dark states (55-57). Further, the state of the acceptor dye should be checked, which can be done 
by alternating laser excitation (ALEX) (67) or pulsed interleaved excitation (PIE) (68). These 
methods are especially of advantage if large donor-acceptor distances are present which cannot be 
distinguished clearly from the donor-only population with conventional methods. Recently, a red-
shifted state of the commonly used fluorophore Alexa Fluor 488 was discovered that also 
influences the energy transfer and leads to additional artificial populations in immobilization 
experiments (48). However, there were no indications found in this work for the described effect, 
but there are still many events that could not be explained and indicate further unknown 
photophysics. Future work will have to resolve such contaminating photochemical processes to 
utilize the full potential of single molecule fluorescence to investigate protein folding dynamics 
on time scales not accessible in free diffusion experiments. 
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AFM  atomic force microscopy 
CD  circular dichroism 
CspBc  cold shock protein from Bacillus caldolyticus 
CspTm  cold shock protein from Thermotoga maritima 
Csp  cold shock protein 
Csps  cold shock proteins  
DMSO  dimethyl sulfoxide 
DTT  dithiothreithol 
EDTA  ethylenediaminetetraacetic acid 
EMCCD  electron multiplying charge coupled device 
FRET  Förster resonance energy transfer 
GdmCl  guanidinium chloride 
GroEL/ES bacterial molecular chaperone GroEL/ES 
Hsp60  heat shock protein 60 
IPTG  isopropyl-β-D-1-thiogalactopyranoside 
LB  Luria-Bertani growth medium 
LUVs  large unilamellar vesicles 
OD  optical density 
Pro6  polyproline peptide with 6 prolines 
Pro20  polyproline peptide with 20 prolines 
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Johannes Gutenberg-Universität Mainz unter 
Betreuung von Prof. Dr. H. Paulsen 
10/03 - 8/04 
 
 
Promotion am Institut für Biologie und Biochemie 
der Universität Potsdam im Fach Physikalische 
Biochemie unter der Betreuung von Dr. B. Schuler 
Seit 8/04 Fortsetzung der Promotion als Doktorandin am 
Biochemischen Institut der Universität Zürich unter 
der Leitung von Prof. Dr. B. Schuler 
 
